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The INK4 family of cyclin-dependent kinase (CDK) inhibitors negatively regulates cyclin D-dependent
CDK4 and CDK6 and thereby retains the growth-suppressive function of Rb family proteins. Mutations in the
CDK4 gene conferring INK4 resistance are associated with familial and sporadic melanoma in humans and
result in a wide spectrum of tumors in mice. Whereas loss of function of other INK4 genes in mice leads to little
or no tumor development, targeted deletion of p18INK4c causes spontaneous pituitary tumors and lymphoma
late in life. Here we show that treatment of p18 null and heterozygous mice with a chemical carcinogen resulted
in tumor development at an accelerated rate. The remaining wild-type allele of p18 was neither mutated nor
silenced in tumors derived from heterozygotes. Hence, p18 is a haploinsufficient tumor suppressor in mice.
The Rb family proteins, pRB, p107, and p130, play critical
roles in controlling mammalian G1 cell cycle progression (33).
Emerging from mitosis or present in quiescent cells as hypo-
phosphorylated forms, these proteins negatively regulate the
activity of E2F transcription factors to prevent S-phase entry.
Extracellular mitogens induce the expression of D-type cyclins
and activate cyclin D-dependent kinases CDK4 and CDK6,
leading to phosphorylation and functional inactivation of Rb
proteins. Conversely, inhibition of CDK4 and CDK6, resulting
from either lack of cyclin D synthesis or binding with an INK4
protein, retains Rb proteins in their growth-suppressive states
and prevents the G1/S transition. Disruption of this pathway,
consisting of INK4-cyclin D/CDK4/6-Rb-E2F, deregulates G1
cell cycle progression and is believed to be a common event for
the development of most types of cancer (29).
Mutational analysis of human tumors has provided compel-
ling evidence supporting the critical importance of this path-
way in tumor suppression. The Rb gene is frequently mutated
in familial retinoblastomas and osteosarcomas, as well as in
sporadic lung, prostate, bladder, and breast cancers (reviewed
in references 20 and 33). The p16INK4a locus is frequently
deleted or mutated in wide range of human tumors (13, 22;
compiled in reference 27). Chromosomal translocation and
genomic amplification of cyclin D1 and CDK4 genes leading to
elevated level of either protein and its associated kinase activ-
ities have been observed in cancers of the breast, head and
neck, esophagus, lymphoid system, parathyroid, and brain (re-
viewed in references 9, 10, and 29). Finally, missense mutations
in the CDK4 locus rendering resistance to INK4 binding have
been observed in familial and sporadic melanomas (35, 41).
Genetic study with targeted mice provides further support
for a critical function of this pathway in tumor suppression.
Mice heterozygous for Rb mutation spontaneously develop
tumors in several neuroendocrine organs, including the char-
acteristic intermediate lobe of the pituitary (12, 19, 21, 26, 34).
Engineering of transgenic mice to overexpress cyclin D1 in
mammary glands causes hyperplasia and carcinoma (32), and
conversely ablation of cyclin D1 renders mice resistant to
breast cancer development (36). Mice carrying an INK4-insen-
sitive mutation (R24C) in the CDK4 locus develop a wide
spectrum of tumors, including tumors in several neuroendo-
crine organs (Leydig cells of testes, granulosa cells of ovaries,
pancreatic islet cells, the intermediate lobe of the pituitary, and
thyroid) as well as lung adenomas or adenocarcinomas and
hepatocellular tumors (30).
However, genetic analysis of mutant mice has yet to clarify
the role of individual INK4 genes in tumor suppression. Mice
lacking p16INK4a perplexingly display a tumor phenotype that is
considerably weaker and different from that predicted from
human tumor analysis. Only about one-quarter of mice carry-
ing a deletion of exon 1 of p16INK4a developed spontaneous
tumors—mostly sarcomas and lymphomas late in life (16, 28).
Such phenotypic discrepancy between CDK4R24C and
INK4aexon1 mice suggests that an additional INK4 gene or
genes, although not frequently mutated in human tumors, must
be involved in regulating CDK4 (and possibly CDK6) activity
and the Rb pathway in tumor suppression in mice. No obvious
tumor phenotypes were detected in mice lacking either
p15INK4b (18) or p19INK4d (40). Several observations suggest
that p18INK4c may play a major role in mediating the tumor
suppression function of the Rb pathway. Mice lacking p18INK4c
spontaneously develop intermediate lobe pituitary tumors late
in life (5, 18), those that lack both p18INK4c and p27KIP1 de-
velop tumors in several neuroendocrine organs by 3 months of
age, and p18INK4c and p21CIP1/WAF1 double knockout mice
develop gastric neuroendocrine hyperplasia and lung bron-
chioalveolar tumors late in life (6). To further evaluate the
function of p18INK4c in tumor suppression, we examined the
rate and spectrum of tumor development in p18INK4c mutant
mice exposed to a chemical carcinogen. Our studies indicate
that loss or decrease of p18INK4c function predisposes mice to
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tumorigenesis and that p18INK4c is haploinsufficient in tumor
suppression.
MATERIALS AND METHODS
Mice. p18INK4c mutant mice were initially generated in a mixed C57BL/6/
129SV/D2 genetic background (5). p18INK4c mutant mice with an enriched
C57BL/6 genetic background were generated after six successive generations of
backcrosses with C57BL/6 wild-type mice (15) and were used in this study.
Littermates of different genotypes were produced from interbreeding of het-
erozygotes. All mice were genotyped by PCR as previously described (5). All
animals were maintained in accordance with institutional guidelines and were
observed daily for up to 15 months.
Carcinogenesis. A cohort of 50 p18/, 45 p18/, and 45 p18/ animals
were produced from interbreeding of p18 heterozygotes and used for this study.
Twenty-seven wild-type, 30 heterozygous, and 20 p18 homozygous mice were
treated continuously with 0.0005% dimethylnitrosamine (DMN) in drinking wa-
ter beginning at the age of 8 weeks as described previously. Mice were monitored
daily over the course of the experiment, and all genotypes consumed roughly the
same amount of water on a daily basis. Twenty-three p18/, 25 p18/, and 15
p18/ mice were monitored in parallel with the treated mice. Cohorts of treated
mice were killed and necropsied at 3 and 6 months of age (at least three mice for
each genotype and each time point). The remaining mice were necropsied at
death or were sacrificed after reaching a moribund state. Tissues of most organs,
as well as apparent tumor tissues, were removed, fixed in 10% neutral buffered
formalin, and examined histologically by two pathologists after hematoxylin-
eosin staining. Lesions were photographed, and additional sections were taken
for immunohistochemical analyses.
Immunohistochemistry. Specimens clearly representative of their respective
pathological types were examined immunohistologically with an affinity-purified
antibody specific to p18 (2 g/ml) (7, 8) or to adrenocorticotropic hormone
(ACTH; 12 g/ml) (no. A0579; DAKO). Tissue sections were blocked with
normal goat serum in phosphate-buffered saline (PBS), and incubated with
primary antibodies for 1 h and biotin-conjugated secondary antibody for 30 min.
Immunocomplexes were detected with the Vectastain ABC alkaline phosphatase
kit according to the manufacturer’s instructions (Vector Laboratories).
Tumor microdissection and genomic DNA amplification. Tumor microdissec-
tion and DNA isolation procedures were described before (1). Ten-micrometer
sections adhered on slides were deparaffinized and lightly stained with hematox-
ylin. Under microscopic observation, the lesions that were clearly separated from
normal tissues were scraped from the slides. Particular care was taken to avoid
contamination by surrounding tissue. Scraped tissue samples were transferred
into a sterile microcentrifuge tube. Forty microliters of digestion buffer (200 M
proteinase K per ml, 0.5% Tween 20, 1 mM EDTA, 20 mM Tris-HCl [pH 7.4])
was added to each tube, and the mixture was then incubated at 42°C for 2 days
and then incubated in boiling water for 6 to 7 min. Thirty-five microliters of the
supernatant was stored at 20°C until used for PCR assays (1). The murine
INK4c gene contains three exons: a noncoding exon, 1, corresponding to the
5-untranslated region and two coding exons comprising the entire coding se-
quences (24). Coding exons 2 and 3 were amplified and sequenced with two pairs
of primers: p18-E2FW (5-AGCCTGATTAGGAGCAAAGG-3) and p18-
E2RV (5-GCTGTCATTTTAGAAACCCAGGC-3) for exon 2 and p18-E3FW
(5TTGTTGTGGCTCAAGAAGCTG-3) and p18-E3RV (5TAGTGAAACG
GACAGCCAAC-3) for exon 3. Reaction products were resolved on a 1.2%
agarose gel or subjected to direct DNA sequencing after purification through a
QIAquick mini column (QIAGEN). For genotyping, wild-type and targeted exon
3 were amplified with a mixture of three primers: p18E3FW3 (5-ACTACACA
GGTCTTTGTGAAAG-3), p18E3REV3 (5-TCTCCGGATTTCCAAGTTTC-
3), and 5-CCAGCCTCTGAGCCCAGAAAGCGAAGG-3,a primer corre-
sponding to a neo sequence. The PCR conditions were 95°C for 45 s, 55°C for
45 s, and 72°C for 45 s for each of 30 cycles.
Statistical analyses. The survival rate was calculated by the CA-Cricket Graph
III method, and statistical significance was assessed with Wilcoxon’s log-rank
test. The range of tumor numbers and sizes (mean  standard error) were
compared with those from an unpaired t test. P  0.05 was considered to be
statistically significant.
RESULTS
p18INK4c null mice spontaneously developed pituitary inter-
mediate lobe tumors (	75%) (5, 6, 18) or, at a lower pen-
FIG. 1. Tumor-free survival in untreated wild-type and p18 mutant mice and in mice exposed to DMN. p18/, p18/, and p18/ mice were
either untreated or fed with DMN (0.0005%) in their drinking water continuously from the age of 8 weeks. Statistically significant differences in
survival were detected between cohorts of DMN-treated p18/ and DMN-treated p18/ mice (P  0.001) and between DMN-treated p18/
and DMN-treated p18/ mice (P  0.05).
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etrance, T-cell lymphomas (
10%) (15) late in life, with mean
latencies of about 12 and 14 months, respectively. Simulta-
neous loss of three or four alleles of the p18 and p27 genes
accelerates tumor growth, resulting in tumor-induced animal
death by the ages of 9 and 4 months, respectively (6). We
examined the susceptibility of p18 mutant mice to tumorigen-
esis after continuous low-dose exposure to the chemical car-
cinogen DMN, which targets mainly the liver and lung (2). As
shown in Fig. 1, p18/ mice and p18/ mice are more sus-
ceptible to tumor-induced mortality after DMN treatment
than wild-type mice (P  0.001). No p18/ mice in a cohort of
17 survived beyond 45 weeks of exposure to DMN; the mean
survival time was 35 weeks. All p18/ mice (n  21) died
within 58 weeks after exposure to DMN, with a mean survival
time of 45 weeks. In contrast, 7 of 11 wild-type mice survived
beyond 60 weeks after DMN treatment, and the mean survival
time of the 4 mice that died from tumors was 56 weeks. In the
untreated control cohorts monitored during the same 60 weeks
of the experimental period, four out of nine p18/ and two
out of nine p18/ mice died. We were unable to establish the
exact cause of death of these mice. We detected no malignant
tumors in these mice, and only one p18/ mouse developed a
pituitary adenoma. None of 16 wild-type mice died. These
results provide further support for the function of the p18 gene
in tumor suppression and demonstrate that loss of p18 function
sensitizes mice to carcinogen-induced tumorigenesis. Notably,
loss of one allele of p18, while not exhibiting an evident tu-
morigenic effect in untreated mice (5, 6, 18), effectively pre-
disposes hemizygous mice to carcinogenesis.
Necropsy of DMN-treated p18 mutant animals revealed tu-
mor development predominantly in three tissues: adenoma or
carcinoma in the intermediate lobe of the pituitary, adenoma
or carcinoma from lung bronchiolar or alveolar cells, and he-
mangiosarcoma from the sinusoidal endothelial cells of the
liver (Table 1 and Fig. 2 to 4). In addition, DMN treatment
also caused increased incidence of hyperplasia in these tissues,
as well as several other tissues in adrenal, thyroid, and testis in
both p18 null and heterozygous mice (Table 1). Liver heman-
giosarcoma developed at a higher penetrance (50%) than ei-
ther lung (35%) or pituitary tumors (25%) (Table 1). The rate
of tumor growth was much faster in p18 null mice (averaging
38 weeks for hemangiosarcomas and 41 weeks for lung tumors,
respectively) and p18 heterozygous mice (43 and 44 weeks)
than in wild-type mice (60 and 58 weeks) (data not shown).
p18 null mice spontaneously develop hyperplasia and ade-
nomas in the intermediate lobe of the pituitary (5, 6, 18). DMN
FIG. 2. DMN treatment accelerated pituitary tumorigenesis in p18-deficient mice. Pituitary glands (pointed by arrows) from p18/, p18/,
and p18/ mice, either untreated or exposed to DMN, were microscopically examined at 6 months (A to L) and 9 months (M to P) of age either
directly (top two rows; bars, 1 mm) or after hematoxylin and eosin (H/E) staining (lower two rows; bars, 200 m). WT, wild type. Anterior lobe
(A), intermediate lobe (I), neurohypophysis (N), and tumor (T) are indicated.
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treatment accelerated pituitary adenoma growth, from a mean
latency of 50 weeks in untreated p18 null mice to 32 weeks in
treated mice (Table 1) (data not shown). The cells from the
pituitary adenomas stained strongly for ACTH, confirming
their intermediate lobe origin (data not shown). A carcino-
genic effect of DMN has not been previously reported in the
pituitary. This result indicates a broader tumorigenic effect of
DMN in nontarget tissues sensitized by other events, such as
tumor suppressor gene mutation. Pituitary adenomas that de-
veloped in DMN-treated p18 null mice were also more aggres-
sive, often invading the adjacent anterior lobe and obliterating
the neurohypophysis (Fig. 2K and O). Although no pituitary
tumors were found in the DMN-treated p18/ mice when
they succumbed to liver tumors before the age of 56 weeks,
their intermediate lobes were often enlarged compared with
those of untreated p18/ mice (Fig. 2G).
Lung bronchiolar or alveolar adenomas or adenocarcinomas
were observed in 7 of 20 (35%) p18/ mice, 6 of 20 (30%)
p18/ mice, and 2 of 13 (15%) wild-type mice exposed to
DMN between 35 and 58 weeks (Table 1 and Fig. 3). In
untreated control cohorts, lung tumors were found in 3 of 14
p18/ mice (21%), but no wild-type (n  18) or p18/ (n 
12) mice. DMN treatment also caused an increased incidence
of lung bronchiolar or alveolar hyperplasia (Fig. 3D). The lung
adenomas were composed of atypical cells with nuclear pleo-
morphism and were characterized by the compression of ad-
jacent alveolar tissue (Fig. 3E). Bronchiolar and alveolar ade-
nocarcinomas invaded adjacent alveolar tissue (Fig. 3F). Loss
of one or both alleles of p18 not only sensitized the mutant
mice to DMN-induced lung tumor development, but also in-
creased both the number and the size of lung tumors in each
mouse. On average, 4.6  2.7 and 8.1  3.9 lung tumors
developed in each DMN-treated p18/ and p18/ mouse,
comparing with 1 tumor in each wild-type mouse (Fig. 3G).
The average tumor sizes were 1.3  0.3 and 1.9  0.5 mm in
DMN-treated p18/ and p18/ mice, compared with 0.8 
0.5 mm in wild-type mice (Fig. 3H).
Neither pituitary nor pulmonary tumors were considered to
be the cause of death in mice bearing them. The increased
mortality of p18 mutant mice was mainly attributable to hem-
orrhage from hepatic hemangiosarcomas. When clinically nor-
mal DMN-treated mice of three genotypes were sacrificed and
TABLE 1. Spontanous and DMN-induced tumor and hyperplasia incidence
Type of tumor in organ















Normal 18 10 7 13 16 7
Hyperplasia 0 2 4 0 4 8
Adenoma 0 0 2 0 0 2
Carcinoma 0 0 1 0 0 3
Lung
Normal 18 12 9 10 12 10
Hyperplasia 0 0 2 1 2 3
Adenoma 0 0 2 2 4 4
Carcinoma 0 0 1 0 2 3
Liver
Normal 18 12 11 7 9 10
Hemangiosarcoma 0 0 3 6 11 10
Adrenal
Normal 18 12 11 12 16 10
Medullary hyperplasia 0 0 2 0 2 6
Pheochromocytoma 0 0 1 0 0 2
Hemanglosarcoma 0 0 0 1 2 2
Thyroid
Normal 18 12 12 13 14 15
Hyperplasia 0 0 2 0 6 5
Testis
Normal intestitium 18 12 8 13 16 10
Hyperplasia 0 0 6 0 4 10
Other tumors
Hemangiosarcoma of abdominal 0 0 0 2 2 1
Hemangiosarcoma of pancrease 0 0 0 1 0 1
Soft tissue sarcoma of abdominal 0 0 0 1 2 2
Adenoma of Harderian gland 0 1 0 0 0 0
a WT, wild type.
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examined at 12 weeks of age, multiple liver hemangiosarcomas
were present in p18 null and p18 hemizygous mice, although
they were small and displayed no evidence of internal hemor-
rhaging (Fig. 4B and C). At 34 weeks of age, most p18 null
mice were debilitated, while p18/ mice remained relatively
healthy despite the development of multiple hemangiosarco-
mas and retained normal liver histology (Fig. 4E). Only one
DMN-treated wild-type mouse developed hemangiosarcomas
by 34 weeks of age (Fig. 4D). The livers in 34-week-old DMN-
treated p18 null mice were pale, necrotic, and contained mul-
tiple hemangiosarcomas, and normal liver tissue was difficult to
observe (Fig. 4F). These hemangiosarcomas formed poorly
delineated vascular channels lined by pleomorphic endothelial
cells with frequent mitotic figures. Many liver hemangiosarco-
mas had progressed to become large blood-filled cavernous
tumors that distended the liver capsule (Fig. 4). Tumors fre-
quently ruptured, causing massive hemorrhage into the body
cavity. In addition to the liver, hemangiosarcomas also devel-
oped in the adrenal glands, abdominal cavity, and pancreas
(Table 1).
FIG. 3. Mutation in p18 gene sensitized mice to DMN-induced lung tumors. (A to C) The rate of lung tumor development varied between
age-matched (11 months) p18/, p18/, and p18/ mice after DMN exposure. Gross alveolar and bronchiolar adenomas (white spots) are
identified by arrows. Note that p18 mutant lungs developed more tumors. (D to F) Alveolar or bronchiolar origin of lung tumor development.
Lungs of DMN-treated mice at different ages were microscopically examined after hematoxylin-eaosin staining and exhibited alveolar or
bronchiolar hyperplasia (D), papillary alveolar or bronchiolar adenoma with mucinous cell differentiation (E), and alveolar or bronchiolar
carcinoma (F). The inset in panel F is a higher magnification showing tumor infiltration of adjacent pulmonary parenchyma. (G) The number of
lung tumors that developed in each mouse exposed to DMN increases with p18 gene mutation. A statistically significant difference in tumor
multiplicity was seen in mice of a different p18 genotype following exposure to DMN. WT, wild type. (H) The average size of DMN-induced lung
tumors was larger in p18 mutant mice than in wild-type mice.
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To determine the status of the p18 gene in DMN-induced
tumors, we microscopically dissected tumor cells from paraf-
fin-embedded samples and analyzed the p18 gene by PCR. Of
15 tumors from p18 hemizygous mice (8 liver hemangiosarco-
mas and 7 lung adenomas) and 2 liver hemangiosarcomas from
wild-type mice, the wild-type allele was retained in all 17 tu-
mors (Fig. 5A and B). To determine whether p18 expression
was silenced in tumors, we determined p18 protein expression
by immunohistochemistry with an affinity-purified antibody to
p18INK4c. Of the same set of 15 tumors from p18 hemizygous
mice and 2 liver hemangiosarcomas from wild-type mice, p18
staining was evident in all of the tumors (a representative
tumor of each organ is shown in Fig. 5). In addition, we have
also examined p18INK4c protein expression in two abdominal
sarcomas (Fig. 5I) and one adrenal hemangiosarcoma (data
not shown) arising from p18/ mice and observed positive
p18 expression by immunohistochemical staining. To deter-
mine whether expressed p18 alleles suffered mutations during
tumor development, we amplified p18 from genomic DNA
prepared from microscopically dissected tumor cells from all
17 liver and lung tumors induced in either wild-type or p18
heterozygous mice and sequenced the entire coding region. No
mutation was detected in the 10 tumor samples we examined,
including 6 liver hemangiosarcomas and 3 lung adenomas from
p18 hemizygous mice and 1 liver hemangiosarcoma from a
wild-type mouse (data not shown).
DISCUSSION
In this study, we provide further evidence supporting the
role of p18INK4c gene in tumor suppression in mice; mutation
in one or both alleles of p18 gene predisposed mice to carcin-
ogen-induced tumorigenesis. Our results also establish that the
p18 gene is haploinsufficient in tumor suppression. In both
FIG. 4. Mutation in the p18 gene sensitized mice to DMN-induced liver tumors. (A to F) Livers from p18/, p18/, and p18/ mice exposed
to DMN were examined at the ages of 12 weeks (A to C) and 34 weeks (D to F). Normal gross liver architecture was retained in DMN-treated
mutant mice at a young age despite the development of multiple hemangiosarcomas (red spots pointed by the arrows), but was not observed in
p18 null mice after 34 weeks of age. WT, wild type. (G) Microscopic examination of hemangiosarcoma that developed in the liver of a 40-week-old
p18/ mouse exposed to DMN. Note that irregular vascular spaces have destroyed the normal hepatic parenchyma. (H) Higher magnification of
the boxed area in (G) showing proliferating malignant endothelial cells replacing normal hepatic parenchyma.
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liver and lung tumors where we could isolate relatively pure
tumor samples (17 samples), we found no loss of the wild-type
p18 allele or mutations in the p18 coding region. Clear p18
protein expression was seen in tumor cells.
p18 joins a small number of tumor suppressor genes that
have been definitively demonstrated to be haploinsufficient
through the analysis of genetically targeted mice. These in-
clude p53 (31), p27 (4), Dmp1 (11), Nf1 (39), and Pten (17).
How widespread haploinsufficiency is among tumor suppressor
genes is a topic of current interest (3, 25). The determination
of this issue not only may influence our view on the notion that
inactivation mutations in tumor suppressor genes are recessive,
but also has a clinical implication. While both alleles of a
haplosufficient tumor suppressor gene are inactivated in tu-
mors, a haploinsufficient tumor suppressor gene likely retains
at least one allele in tumors and thus represents a potential
target of therapeutic intervention. A single wild-type allele,
according to the classical two-hit model of tumor suppressor
genes, is sufficient to suppress tumor development and must be
inactivated for tumorigenesis (14). This model is supported by
FIG. 5. p18 is a haploinsufficient tumor suppressor. (A and B) Retention of the remaining wild-type p18 allele in liver (A) and lung (B) tumors
from wild-type and p18 heterozygous mice. Genomic DNA was extracted from microdissected tumor cells or tails of p18/ or p18/ mice and
subjected to PCR amplification with two pairs of primers flanking either the wild-type (WT) or mutated (mt) allele of the p18 gene. PCR products
were resolved by agarose gel (1.2%) electrophoresis. The entire coding regions of p18 from liver tumor samples 2 to 11 and from lung tumor
samples 2 to 8 were sequenced, and no mutation was found. (C to J) The expression of p18INK4c protein in three different types of tumors (liver
hemangiosarcoma, lung adenoma, and abdominal sarcoma) from mice of three different p18 genotypes was determined by immunohistological
staining with an affinity-purified polyclonal antibody specific to p18INK4c protein (8). Bars in all panels are 50 m.
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the observations that germ line inactivation mutations have
occurred in cancer-prone families, and tumors that developed
in these family members are frequently associated with inacti-
vation mutations of the remaining wild-type allele. Although
experimentally suitable for identifying tumor suppressor genes
with hereditary mutations in human tumors, the criterion of
biallelic or complete functional loss excludes genes that are
haploinsufficient, such as p18. For these haploinsufficient tu-
mor suppressor genes, genomic mutations in human tumors
may be rare, and hemizygous loss and decrease of expression
level are difficult to determine. Our results add to the call for
further investigations into genes that are not frequently mu-
tated in human tumors, but exhibit clear tumor suppression
function in mice.
Various degrees of haploinsufficiency have been seen with
demonstrated tumor suppressor genes, with p27 and Dmp1
exhibiting either no or rare loss of the remaining wild-type
allele in tumors from heterozygous mice, and thus a strong
haploinsufficiency, and p53 and Pten displaying a noticeable
frequency of loss of the wild-type allele and a weak effect.
Moreover, the mutation rate in human tumors correlates with
the various degrees of haploinsufficiency observed in mice.
While both p53 and Pten are frequently mutated in human
tumors, mutations in p18, p27, and Dmp1 appear to be rare. Is
p18 a completely haploinsufficient tumor suppressor gene? It is
important to note that loss of two alleles of p18 is clearly more
tumorigenic than loss of one. The mean survival times of
DMN-treated p18/ and p18/ mice are 35 and 45 weeks,
respectively. The average numbers and size of tumors devel-
oped in DMN-treated p18/ mice are 8.1 tumors per lung and
1.9 mm per tumor, compared with 4.6 tumors per lung and 1.3
mm per tumor in DMN-treated p18/ mice. These results
indicate that the haploinsufficiency of p18 in tumor suppression
is incomplete and there must be a gradient of p18 tumor
suppression activity, with expression of one allele exhibiting an
intermediate effect between full function and complete func-
tional loss. The biochemical basis for such gradient haploin-
sufficiency of p18 is not clear, but likely relates to a change in
the level of CDK4 and CDK6 kinase activity, because these
two enzymes are the only identified targets of p18 function.
Biochemically, all four INK4 proteins inhibit CDK4 and
CDK6 almost indistinguishably, implying that members of the
INK4 gene family, through activating or retaining the growth
suppression activity of pRb proteins, could have a function in
tumor suppression and are candidate tumor suppressors. Yet,
mutations in human tumors have only been found in the
p16INK4a gene and are rare in the other three INK4 genes (23,
37, 38). The finding that p18 is a haploinsufficient tumor sup-
pressor may explain the lack of widespread mutations in the
p18 gene in human tumors. It suggests a need for quantitative
examination of p18 protein levels in order to accurately assess
the role of p18 in the suppression of human tumors. Loss of
function of p18 alone exhibited a relative weak tumor pheno-
type; about half of p18 null mice developed pituitary tumors,
and 10% developed T-cell lymphomas after 1 year of age, but
no obvious tumor phenotype developed in p18 heterozygous
mice (5, 15). A clear tumor suppression function for p18 was
revealed by the analysis of p18 p27 double mutant mice (6) and
after carcinogen exposure (this study). These findings suggest
the possibility that the role of other INK4 genes in tumor
suppression could have been underestimated, and further in-
vestigations are needed to more completely explore this issue.
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